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1
ULTRASONIC SIGNAL COUPLER

BACKGROUND OF THE INVENTION

This invention relates generally to ultrasonic flow mea-
surement, and more particularly to an ultrasonic waveguide
assembly applied in the flow measurement.

Ultrasonic flow meters are used to determine the flow rate
of a variety of fluids (e.g., liquids, gases, etc.) and combina-
tions of different fluids flowing through pipes of different
sizes and shapes. One type of an ultrasonic flow meter
employs a transit time method. This technique uses one or
more pairs of ultrasonic transducers attached to the exterior of
the pipe wall and located upstream and downstream from
each other. Each of the transducers, when energized, trans-
mits an ultrasonic signal through the flowing fluid that is
detected by the other ultrasonic transducer of the pair. The
velocity of the fluid flowing in the pipe can be calculated as a
function of the differential transit time of ultrasonic signals as
between (1) the ultrasonic signal traveling upward against the
fluid flow direction from the downstream ultrasonic trans-
ducer to the upstream ultrasonic transducer, and (2) the ultra-
sonic signal traveling downward with the fluid flow direction
from the upstream ultrasonic transducer to the downstream
ultrasonic transducer.

The pair(s) of transducers can be mounted on the pipe at
different relative locations, for example, the pairs of trans-
ducers can be located on opposite sides of the pipe, i.e. dia-
metrically opposed, such that a straight line connecting the
transducers passes through the pipe axis or they can be
located adjacently on the same side of the pipe. In the dia-
metric example, the ultrasonic signal transmitted by one of
the transducers in the pair of transducers is not reflected off of
an interior pipe surface before it is detected by the other
transducer in the pair. In the latter example of adjacent trans-
ducers, the ultrasonic signal transmitted by one of the trans-
ducers in the pair of transducers is reflected by an interior
surface of the pipe before itis detected by the other transducer
in the pair.

In some applications, the pipes to which the ultrasonic flow
meters are attached carry fluids that cause the pipe walls to
reach relatively high temperatures, or the pipes may carry
fluids that cause the pipe wall to reach relatively low tempera-
tures. Consistent exposure to extreme temperatures intro-
duces thermal stresses that diminish the useful life of the
transducer. A waveguide coupled between the ultrasonic
transducer and the pipe helps to prevent the extreme tempera-
tures from damaging the piezoelectric material. However, the
signal quality can decline due to poor acoustic coupling
between the waveguide and the pipe wall caused by, for
example, use of manual temporary attachment methods, or by
poor acoustic coupling between the launch point of the ultra-
sonic signals into the fluid traveling through the pipe caused
by accumulation of contaminants at the launch point, or by
deterioration of the piezoelectric material in the transducer
caused by exposure to harsh environments such as tempera-
ture extremes.

The discussion above is merely provided for general back-
ground information and is not intended to be used as an aid in
determining the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE INVENTION

An ultrasonic signal coupler is disclosed that includes first
and second ultrasonic waveguides that penetrate a pipe so that
ultrasonic transducers attached to ends of the ultrasonic
waveguides communicate ultrasonic signals directly to a fluid
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traveling through the pipe. In such a configuration, the ultra-
sonic transducers are not in direct contact with the pipe or the
fluid and so are not directly exposed to the extreme tempera-
tures of the fluid and the pipe. One side of the ultrasonic
waveguide experiences the direct temperature transfer from
the pipe and fluid while the other side of the waveguide is
acoustically coupled to the ultrasonic transducer. The
waveguide acts as a thermal isolation buffer and helps to
protect the piezoelectric material in the ultrasonic transducer
from the temperature extremes of fluid traveling through the
pipe. The ultrasonic waveguide is typically made from a
metal and is acoustically coupled directly to the fluid by
penetrating the pipe. An advantage that may be realized in the
practice of some disclosed embodiments of the ultrasonic
signal coupler is improved accuracy in measuring fluid flow
speeds and, therefore, a volume of fluid flowing through a
pipe.

In one embodiment, an ultrasonic waveguide assembly
comprises a pipe having an exterior surface, an interior sur-
face, and a pipe axis. The interior surface defines an inside
diameter of the pipe which may include a fluid traveling
therethrough. An ultrasonic waveguide penetrates the pipe at
a first location such that the ultrasonic waveguide is in direct
contact with the fluid. An ultrasonic transducer is adapted to
be acoustically coupled to the ultrasonic waveguide. Another
ultrasonic waveguide penetrates the pipe at another location
such that it is also in direct contact with the fluid. Another
ultrasonic transducer is adapted to be acoustically coupled to
that ultrasonic waveguide.

In another embodiment, an ultrasonic waveguide assembly
comprises a pipe having an exterior surface, an interior sur-
face, and a pipe axis. The interior surface defines an inside
diameter of the pipe which may comprise a fluid traveling
therethrough. An ultrasonic waveguide penetrates the pipe at
a first location such that the ultrasonic waveguide is in direct
contact with the fluid. The ultrasonic waveguide comprises a
length, a width, and a waveguide axis. The ultrasonic
waveguide penetrates the pipe such that its axis forms an
acute angle with respect to the pipe axis. The length of the
waveguide is greater than its width, and an ultrasonic trans-
ducer is adapted to be acoustically coupled to the ultrasonic
waveguide. Another ultrasonic waveguide penetrates the pipe
at another location such that it is also in direct contact with the
fluid. The other ultrasonic waveguide also comprises a length,
a width, and a waveguide axis, such that its waveguide axis
forms an acute angle with respect to the pipe axis. Its length is
also greater than its width. Another ultrasonic transducer is
adapted to be acoustically coupled to this ultrasonic
waveguide, and the axes of the waveguides are collinear.

In another embodiment, an ultrasonic waveguide assembly
comprises a pipe having an exterior surface, an interior sur-
face, and a pipe axis. The interior surface defines an inside
diameter of the pipe which may comprise a fluid traveling
therethrough. An ultrasonic waveguide penetrates the pipe
and protrudes into the fluid. The ultrasonic waveguide com-
prises a length, a thickness, and a waveguide axis. The ultra-
sonic waveguide penetrates the pipe such that its axis forms
an acute angle with respect to the pipe axis. Its length is
greater than its thickness, and an ultrasonic transducer is
adapted to be acoustically coupled to the ultrasonic
waveguide. Another ultrasonic waveguide penetrates the pipe
and protrudes into the fluid. It also comprises a length, a
thickness, a waveguide axis, and it penetrates the pipe such
that its axis forms an acute angle with respect to the pipe axis.
Its length is greater than its thickness, and another ultrasonic
transducer is adapted to be acoustically coupled to it.
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This brief description of the invention is intended only to
provide a brief overview of subject matter disclosed herein
according to one or more illustrative embodiments, and does
not serve as a guide to interpreting the claims or to define or
limit the scope of the invention, which is defined only by the
appended claims. This brief description is provided to intro-
duce an illustrative selection of concepts in a simplified form
that are further described below in the detailed description.
This brief description is not intended to identify key features
or essential features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the
claimed subject matter. The claimed subject matter is not
limited to implementations that solve any or all disadvantages
noted in the background.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the features of the invention
can beunderstood, a detailed description of the invention may
be had by reference to certain embodiments, some of which
are illustrated in the accompanying drawings. It is to be noted,
however, that the drawings illustrate only certain embodi-
ments of this invention and are therefore not to be considered
limiting of its scope, for the scope of the invention encom-
passes other equally effective embodiments. The drawings
are not necessarily to scale, emphasis generally being placed
upon illustrating the features of certain embodiments of the
invention. In the drawings, like numerals are used to indicate
like parts throughout the various views. Thus, for further
understanding of the invention, reference can be made to the
following detailed description, read in connection with the
drawings in which:

FIG. 1 is a front view of an exemplary diametric ultrasonic
waveguide assembly;

FIG. 2 is a side view of the exemplary diametric ultrasonic
waveguide assembly shown in FIG. 1;

FIG. 3 is a front view of an exemplary chordal ultrasonic
waveguide assembly;

FIG. 4 is a side view of the exemplary chordal ultrasonic
waveguide assembly of FIG. 3;

FIG. 5 is a side view of an exemplary diametric protruding
ultrasonic waveguide assembly; and

FIG. 6 is a side view of an exemplary chordal protruding
ultrasonic waveguide assembly.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 and FIG. 2 illustrate a front view and side view,
respectively, of one embodiment of an ultrasonic waveguide
assembly 100, wherein ultrasonic transducers 101, 103, are
attached to ultrasonic waveguides 102, 104, respectively,
which, in turn, penetrate and are attached to a pipe 120 car-
rying a fluid traveling in direction 121 therethrough, shown as
traveling from left to right in the front view of FIG. 1, in which
direction 121 is substantially parallel with an axis 122 of the
pipe 120. The ultrasonic transducers 101, 103 cach are
capable of transmitting ultrasonic signals to each other that
travel along representative ultrasonic signal path segments
151, 152,153. Each of the ultrasonic transducers is capable of
emitting ultrasonic signals and detecting ultrasonic signals.
For example, when ultrasonic transducer 101 emits an ultra-
sonic signal it travels along representative ultrasonic signal
path segment 151 through the ultrasonic waveguide 102, then
is refracted along representative ultrasonic signal path seg-
ment 152 by fluid traveling through the pipe 120, then is
refracted by ultrasonic waveguide 104 along representative
ultrasonic signal path segment 153 through ultrasonic
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waveguide 104 whereby the ultrasonic signal emitted by
ultrasonic transducer 101 is detected by ultrasonic transducer
103.

Similarly, when ultrasonic transducer 103 emits an ultra-
sonic signal it travels along representative ultrasonic signal
path segment 153 through the ultrasonic waveguide 104, then
is refracted along representative ultrasonic signal path seg-
ment 152 by a fluid traveling through the pipe 120, then is
refracted by ultrasonic waveguide 102 along representative
ultrasonic signal path segment 151 through ultrasonic
waveguide 102 whereby the ultrasonic signal emitted by
ultrasonic transducer 102 is detected by ultrasonic transducer
101. In one embodiment, ultrasonic waveguides 102, 104 are
placed into openings through the pipe 120 and are welded in
place for providing high quality acoustic coupling between
the ultrasonic waveguides 102, 104 and the fluid traveling
through the pipe 120. The ultrasonic waveguides 102, 104 can
also be placed in pipe 120 using clamps. In either of these
embodiments, the ultrasonic waveguides 102, 104 can be
made of the same or different material as the pipe 120. The
ultrasonic waveguides 102, 104 can be integrally formed with
pipe 120 using the same material as the pipe 120 in an extru-
sion based fabrication process, or they can be molded into
pipe 120 using the same material as the pipe in a casting
fabrication process.

In the embodiment shown in FIG. 1 and FIG. 2, the paral-
lelogram shaped ultrasonic waveguides 102, 104, each com-
prise a top end 142, a bottom end 144, and an ultrasonic
waveguide length 116 as measured from end to end of the
waveguides 102, 104 as shown in FIG. 1. Ultrasonic trans-
ducers 101, 103, are attached to top ends 142 of the
waveguides 102, 104, respectively, opposite the waveguide
bottom ends 144 that penetrate the pipe 120. The ultrasonic
transducers 101, 103 are attached to the top ends 142 of the
waveguides 102, 104, at an acute angle, an interior surface of
one side of the waveguide 102, 104, respectively, forming the
acute angle with the ultrasonic transducer 101, 103. Thus, the
top end 142 of the ultrasonic waveguides 102, 104, respec-
tively, and the bottom surface of each ultrasonic transducer
101, 103, respectively, are parallel to the longitudinal axis 122
of the pipe 120. The ultrasonic waveguides 102, 104, each
also comprise an ultrasonic waveguide width 115 and thick-
ness 117 that are each less than the ultrasonic waveguide
length 116. The ultrasonic waveguides 102, 104 are not lim-
ited to a parallelogram shape or the same size, as depicted in
FIGS. 1-2, and can also comprise a rhomboid or trapezoid
shape. In one embodiment, described herein, the top end 142
and the bottom end 144 are parallel and the two side surfaces
are parallel. The ultrasonic waveguides 102, 104, each also
penetrate pipe 120 through exterior surface 140 of the pipe
120 and through interior surface 141 of the pipe 120 such that
ultrasonic waveguides 102, 104, directly contact fluid flowing
through inside diameter 130 of pipe 120. Each of the parallel
side surfaces contacts the pipe 120, such that one side surface
forms an interior acute angle and an exterior obtuse angle and
the second side surface forms an interior obtuse angle and an
exterior acute angle with the longitudinal axis of the pipe 120.
Thus, each of the side surfaces of the ultrasonic waveguides
102, 104, respectively, contacts the pipe at an acute angle to
the longitudinal axis of the pipe.

As illustrated in FIG. 1 and FIG. 2, the bottom end 144 of
each of ultrasonic waveguides 102, 104, terminates flush with
interior surface 141 of pipe 120. In one embodiment, the
bottom ends 144 of the ultrasonic waveguides 102, 104 are
shaped to match the curvature of the interior surface 141 of
pipe 120 when the ultrasonic waveguides 102, 104 are used in
a non-protruding embodiment. It should be noted that ultra-
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sonic waveguides 102, 104, can alternatively protrude into the
interior of pipe 120 (FIG. 5). This can be advantageous in
some applications wherein deposits form on interior surface
141 of pipe 120 caused by fluid flowing therethrough so that
the sides of ultrasonic waveguides 102, 104 that penetrate
pipe 120 do not accumulate such deposits. The signal-to-
noise ratio of the ultrasonic signals may also be improved by
moving the end of the ultrasonic waveguides 102, 104 further
into the fluid flowing through pipe 120. The ultrasonic
waveguides 102, 104, each penetrate pipe 120 at an acute
angle 161 formed between pipe axis 122 and the axes of
ultrasonic waveguides 102, 104, which are collinear with
each other and with representative ultrasonic signal path seg-
ment 152. The representative ultrasonic signal path segment
152 is used herein to also represent the axes of ultrasonic
waveguides 102, 104.

In the embodiment shown in FIG. 1 and FIG. 2, the ultra-
sonic waveguides 102, 104, are disposed in a diametric con-
figuration. Therefore, the ultrasonic waveguides 102, 104, are
separated by 180° as measured by the angle 160 formed by a
midpoint of the position where waveguide 102 penetrates the
pipe 120, the central pipe axis 122, and a midpoint of the
position where waveguide 104 penetrates the pipe 120. In one
embodiment the ultrasonic waveguides 102, 104 are made
from the same material as the pipe 120, such as carbon steel,
stainless steel, or titanium. The ultrasonic transducers 101,
103 can comprise longitudinal ultrasonic transducers and
shear wave ultrasonic transducers. Thus, the ultrasonic trans-
ducers 101, 103 can include ultrasonic transducers mounted
on a wedge for inducing shear wave refraction between the
wedge material and the ultrasonic waveguides 102, 104,
respectively. In either case, representative ultrasonic signal
path segments 151, 153 illustrate the ultrasonic signals emit-
ted thereby.

A thickness of pipe 120 typically ranges from about 3 mm
to 10 mm and a thickness 117 of the ultrasonic waveguides
102, 104 can vary from about 6 mm to 13 mm. Each of the
ultrasonic transducers 101, 103 are electronically connected
to an ultrasonic processing system (not shown) which con-
trols the ultrasonic signals emitted by the ultrasonic transduc-
ers 101, 103 and processes the ultrasonic signals received by
the ultrasonic transducers 101, 103. The time duration
between ultrasonic transducer 101 emitting the ultrasonic
signal and ultrasonic transducer 103 detecting the ultrasonic
signal, and vice versa, is measured by the ultrasonic process-
ing system and is referred to as a time-of-flight measurement
herein.

As described above, the time-of-flight measurement for an
ultrasonic signal traveling from ultrasonic transducer 101 to
ultrasonic transducer 103 will be shorter than the time-of-
flight measurement for an ultrasonic signal traveling from
ultrasonic transducer 103 to ultrasonic transducer 101 so long
as fluid is traveling through the pipe 120 in direction 121
during the time-of-flight measurement. This is because the
fluid traveling through the pipe 120 is an ultrasonic sound
carrying medium. Therefore, ultrasonic signals passing
through the fluid in a downstream direction, e.g. from ultra-
sonic transducer 101 to ultrasonic transducer 103, travel
faster than ultrasonic signals passing through the fluid in an
upstream direction, e.g. from ultrasonic transducer 103 to
ultrasonic transducer 101. The ultrasonic processing system
detects this differential time-of-flight measurement to deter-
mine a speed of fluid flow through the pipe 120 in direction
121. The faster that the fluid flows through pipe 120 the
greater the detected time difference. A precise correspon-
dence is determined between the flow rate and a magnitude of
the differential time-of-flight measurement and is used by the
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ultrasonic processing system for flow rate determination.
Some of the variables that affect time-of-flight measurement
include materials used for the pipe 120 and ultrasonic
waveguide 102, 104, the physical dimensions of the pipe 120
and ultrasonic waveguide, 102, 104, and the type of fluid
traveling through the pipe 120. In a configuration such as
illustrated in FIG. 1 and FIG. 2 the transducers could be
replaced without requiring a shutdown of fluid flow systems
that utilize pipe 120.

FIG. 3 and FIG. 4 illustrate a front view and side view,
respectively, of one embodiment of an ultrasonic waveguide
assembly 200, wherein ultrasonic transducers 201, 203, are
attached to ultrasonic waveguides 202, 204, respectively,
which, in turn, penetrate and are attached to a pipe 220 car-
rying a fluid traveling in direction 221 therethrough, shown as
traveling from left to right in the front view of FIG. 3, in which
direction 221 is substantially parallel with an axis 222 of the
pipe 220. The ultrasonic transducers 201, 203 cach are
capable of transmitting ultrasonic signals to each other that
travel along representative ultrasonic signal path segments
251, 252,253. Each of the ultrasonic transducers is capable of
emitting ultrasonic signals and detecting ultrasonic signals.
For example, when ultrasonic transducer 201 emits an ultra-
sonic signal, it travels along representative ultrasonic signal
path segment 251 through the ultrasonic waveguide 202. The
ultrasonic signal is then refracted along representative ultra-
sonic signal path segment 252 by fluid traveling through the
pipe 220. The ultrasonic signal is then refracted by ultrasonic
waveguide 204 along representative ultrasonic signal path
segment 253 through ultrasonic waveguide 204 whereby the
ultrasonic signal emitted by ultrasonic transducer 201 is
detected by ultrasonic transducer 203.

Similarly, when ultrasonic transducer 203 emits an ultra-
sonic signal it travels along representative ultrasonic signal
path segment 253 through the ultrasonic waveguide 204. The
ultrasonic signal is then refracted along representative ultra-
sonic signal path segment 252 by a fluid traveling through the
pipe 220. The ultrasonic signal is then refracted by ultrasonic
waveguide 202 along representative ultrasonic signal path
segment 251 through ultrasonic waveguide 202 whereby the
ultrasonic signal emitted by ultrasonic transducer 203 is
detected by ultrasonic transducer 201. In one embodiment,
ultrasonic waveguides 202, 204 are placed into openings
through the pipe 220 and are welded in place for providing
high quality acoustic coupling between the ultrasonic
waveguides 202, 204 and the fluid traveling through the pipe
220. The ultrasonic waveguides 202, 204 can also be placed in
pipe 120 using clamps. In either of these embodiments, the
ultrasonic waveguides 202, 204 can be made of the same or
different material as the pipe 220. The ultrasonic waveguides
202, 204 can be integrally formed with pipe 220 using the
same material as the pipe 220 in an extrusion based fabrica-
tion process, or they can be molded into pipe 220 using the
same material as the pipe in a casting fabrication process.

In the embodiment shown in FIG. 3 and FIG. 4, the paral-
lelogram shaped ultrasonic waveguides 202, 204, each com-
prise a top end 242, a bottom end 244, and an ultrasonic
waveguide length 216 as measured from end to end of the
waveguides 202, 204, respectively, opposite the waveguide
bottom ends 244 that penetrate the pipe 220. The ultrasonic
waveguides 202, 204, each also comprise an ultrasonic
waveguide width 215 and thickness 217 that are each less than
the ultrasonic waveguide length 216. The ultrasonic
waveguides 202, 204 are not limited to a parallelogram shape
or the same size, as depicted in FIGS. 3-4, and can also
comprise a thomboid or trapezoid shape and each have a
different size. In one embodiment, described herein, the top
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end 242 and the bottom end 244 are parallel. The ultrasonic
waveguides 202, 204, each also penetrate pipe 220 through
exterior surface 240 and through interior surface 241 such
that ultrasonic waveguides 202, 204, directly contact fluid
flowing through inside diameter 230 of pipe 220.

As illustrated in the side view of FIG. 4, a side of each of
ultrasonic waveguides 202, 204, terminates flush with inside
surface 241 of pipe 220. In one embodiment, the bottom ends
244 of the ultrasonic waveguides 202, 204 are shaped to
match the curvature of the interior surface 241 of pipe 220
when the ultrasonic waveguides 202, 204 are used in a non-
protruding embodiment. Ultrasonic waveguides 202, 204 can
alternatively protrude into the interior of pipe 220 (FIG. 6).
This can be advantageous in some applications wherein
deposits form on inside surface 241 of pipe 220 caused by
fluid flowing therethrough so that the sides of ultrasonic
waveguides 202, 204, that penetrate pipe 220 do not accumu-
late such deposits. Signal-to-noise ratio of the ultrasonic sig-
nals may also be improved by moving the end of the ultra-
sonic waveguides 202, 204 further into the fluid flowing
through pipe 220. The ultrasonic waveguides 202, 204, each
penetrate pipe 220 at an acute angle 261 formed between pipe
axis 222 and the axes of ultrasonic waveguides 202, 204,
which are collinear with each other and with representative
ultrasonic signal path segment 252. The representative ultra-
sonic signal path segment 252 is used herein to also represent
the axes of ultrasonic waveguides 202, 204.

In the embodiment shown in FIG. 3 and FIG. 4, the ultra-
sonic waveguides 202, 204, are disposed in a chordal con-
figuration. Therefore, the ultrasonic waveguides 202, 204, are
separated by an angle 260, which is less than 180° as mea-
sured by the angle formed by the midpoint of the location
where waveguide 202 penetrates the pipe 220, the central pipe
axis 222, and the position where waveguide 204 penetrates
the pipe 220. Thus, the difference between the diametric
configuration of FIG. 1 and FIG. 2, described above, and the
chordal configuration illustrated in FIG. 3 and FIG. 4 is easily
distinguished. In one embodiment the ultrasonic waveguides
202, 204 are made from the same material as the pipe 220,
such as carbon steel, stainless steel, or titanium. The ultra-
sonic transducers 201, 203 can comprise longitudinal ultra-
sonic transducers and shear wave ultrasonic transducers.
Thus, the ultrasonic transducers 201, 203 can include ultra-
sonic transducers mounted on a wedge for inducing shear
wave refraction between the wedge material and the ultra-
sonic waveguides 202, 204, respectively. In either case, rep-
resentative ultrasonic signal path segments 251, 253 illustrate
the ultrasonic signals emitted thereby.

A thickness of pipe 220 typically ranges from about 3 mm
to 10 mm and a thickness 117 of the ultrasonic waveguides
202, 204 can vary from about 6 mm to 13 mm. Each of the
ultrasonic transducers 201, 203 are electronically connected
to an ultrasonic processing system (not shown) which con-
trols the ultrasonic signals emitted by the ultrasonic transduc-
ers 201, 203 and processes the ultrasonic signals received by
the ultrasonic transducers 201, 203. The time-of-flight mea-
surement between ultrasonic transducer 201 emitting the
ultrasonic signal and ultrasonic transducer 203 detecting the
ultrasonic signal, and vice versa, is measured by the ultra-
sonic processing system.

As described above, the time-of-flight measurement for an
ultrasonic signal traveling from ultrasonic transducer 201 to
ultrasonic transducer 203 will be shorter than the time-of-
flight measurement for an ultrasonic signal traveling from
ultrasonic transducer 203 to 201 so long as fluid is traveling
through the pipe 220 in direction 221 during the time-of-flight
measurement. This is because the fluid traveling through the
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pipe 220 is an ultrasonic sound carrying medium. Therefore,
ultrasonic signals passing through the fluid in a downstream
direction, e.g. from ultrasonic transducer 201 to ultrasonic
transducer 203, travel faster than ultrasonic signals passing
through the fluid in an upstream direction, e.g. from ultra-
sonic transducer 203 to ultrasonic transducer 201. The ultra-
sonic processing system detects this differential time-of-
flight measurement to determine a speed of fluid flow through
the pipe 220 in direction 221. The faster that the fluid flows
through pipe 220 the greater the detected time difference. A
precise correspondence is determined between the flow rate
and a magnitude of the differential time-of-flight measure-
ment and is used by the ultrasonic processing system for flow
rate determination. Some of the variables that affect time-of-
flight measurement include materials used for the pipe 220
and ultrasonic waveguide, 202, 204, the physical dimensions
of the pipe 220 and ultrasonic waveguide, 202, 204, and the
type of fluid traveling through the pipe 220. In a configuration
such as illustrated in FIG. 3 and FIG. 4 the transducers could
be replaced without requiring a shutdown of fluid flow sys-
tems that utilize pipe 220.

FIG. 5 illustrates an alternative embodiment of an ultra-
sonic waveguide assembly 300, wherein ultrasonic transduc-
ers 301, 303, are attached to ultrasonic waveguides 302, 304
that penetrate exterior surface 340 and interior surface 341 of
the pipe 320 and, in addition, protrude into the interior of the
pipe 320 in a diametric configuration of ultrasonic
waveguides 302, 304. FIG. 6 illustrates another alternative
embodiment of an ultrasonic waveguide assembly 400,
wherein ultrasonic transducers 401, 403, are attached to ultra-
sonic waveguides 402, 404 that penetrate exterior surface 440
and interior surface 441 of the pipe 420 and, in addition,
protrude into the interior of the pipe 420 in a chordal configu-
ration of ultrasonic waveguides 402, 404. The alternative
embodiment of FIG. 5 operates as described above with ref-
erence to FIG. 1 and FIG. 2, and the alternative embodiment
of FIG. 6 operates as described above with reference to FIG.
3 and FIG. 4. These embodiments can be advantageous in
some applications, as described above, for avoiding deposits
forming on the ends of ultrasonic waveguides 302, 304, 402,
404 caused by fluid flowing through pipe 320, 420, and for
improving signal-to-noise ratio of the ultrasonic signals.

In view of the foregoing, embodiments of the invention
provide direct communication of ultrasonic transducer sig-
nals with fluids traveling through pipes for high quality mea-
surement of fluid flow rates. A technical effect is to accurately
detect and measure physical flow speed of a fluid through
pipes.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not difter from the literal language
of'the claims, or if they include equivalent structural elements
with insubstantial differences from the literal language of'the
claims.

What is claimed is:

1. An ultrasonic waveguide assembly comprising:

apipe having an exterior surface and an interior surface, the

interior surface defining an inside diameter of the pipe

which comprises fluid traveling therethrough;
afirstultrasonic waveguide penetrating the exterior surface

of the pipe and the interior surface of the pipe at a first
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location such that the first ultrasonic waveguide is in
direct contact with the fluid traveling therethrough,
wherein the first ultrasonic waveguide comprises two
end surfaces and two side surfaces arranged between the
end surfaces and spaced apart along a longitudinal axis
of the pipe such that the two side surfaces are substan-
tially parallel, and each of the side surfaces of the first
ultrasonic waveguide contacts the pipe at an acute angle
to the longitudinal axis of the pipe;

a first ultrasonic transducer adapted to be acoustically
coupled to a top end of the first ultrasonic waveguide at
an acute angle such that the top end of the first ultrasonic
waveguide is parallel to the longitudinal axis of the pipe;

a second ultrasonic waveguide penetrating the exterior sur-
face of the pipe and the interior surface of the pipe at a
second location such that the second ultrasonic
waveguide is in direct contact with the fluid traveling
therethrough, wherein the second ultrasonic waveguide
comprises two end surfaces and two side surfaces
arranged between the end surfaces and spaced apart
along a longitudinal axis of the pipe such that the two
side surfaces are substantially parallel, and each of the
side surfaces of the second ultrasonic waveguide con-
tacts the pipe at an acute angle to the longitudinal axis of
the pipe; and

a second ultrasonic transducer adapted to be acoustically
coupled to a top end of the second ultrasonic waveguide
at an acute angle such that the top end of the second
ultrasonic waveguide is parallel to the longitudinal axis
of'the pipe.

2. The ultrasonic waveguide assembly of claim 1, wherein
the first location and the second location are about 180
degrees around the pipe apart.

3. The ultrasonic waveguide assembly of claim 1, wherein
the first and second ultrasonic waveguides each penetrate the
pipe at an acute angle with respect to alongitudinal axis of the
pipe.

4. The ultrasonic waveguide assembly of claim 1, wherein
the first and second ultrasonic waveguides each comprise an
axis and the axes of the first and second ultrasonic waveguide
are collinear.

5. The ultrasonic waveguide assembly of claim 1, wherein
the first and second ultrasonic waveguides each comprise a
length and a width, and wherein each of the lengths is greater
than a corresponding one of the widths.

6. The ultrasonic waveguide assembly of claim 5, wherein
the first and second ultrasonic waveguides each further com-
prise a thickness and wherein each of the lengths is greater
than a corresponding one of the thicknesses.

7. The ultrasonic waveguide assembly of claim 1, wherein
at least one of the first and second ultrasonic waveguides
protrude into an interior of the pipe.

8. The ultrasonic waveguide assembly of claim 1, wherein
the first and second ultrasonic waveguides are each made
from carbon steel, stainless steel, or a combination thereof.

9. The ultrasonic waveguide assembly of claim 1, wherein
each of the first and second ultrasonic transducers emit ultra-
sonic signals that are detected by the other one of the first and
second ultrasonic transducers.

10. The ultrasonic waveguide assembly of claim 1, wherein
the first location and the second location are less than 180
degrees around the pipe apart.

11. The ultrasonic waveguide assembly of claim 1, wherein
at least one of the first and second ultrasonic waveguides
terminates flush with an interior surface of the pipe.
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12. An ultrasonic waveguide assembly comprising:

a pipe having an exterior surface, an interior surface, and a
pipe axis, the interior surface defining an inside diameter
of the pipe which comprises fluid traveling therethrough
in a direction substantially parallel with the pipe axis;

afirstultrasonic waveguide penetrating the exterior surface
of the pipe and the interior surface of the pipe at a first
location such that the first ultrasonic waveguide is in
direct contact with the fluid traveling therethrough,
wherein the first ultrasonic waveguide comprises a first
waveguide length, a first waveguide width, and a first
waveguide axis, the first ultrasonic waveguide pen-
etrates the pipe such that the first waveguide axis forms
an acute angle with respect to the pipe axis, the first
waveguide length is greater than the first waveguide
width, the first ultrasonic waveguide comprises two end
surfaces and two side surfaces arranged between the end
surfaces and spaced apart along a longitudinal axis of the
pipe such that the two side surfaces are substantially
parallel, and each of the side surfaces of the first ultra-
sonic waveguide contacts the pipe at an acute angle to
the longitudinal axis of the pipe;

a first ultrasonic transducer adapted to be acoustically
coupled to a top end of the first ultrasonic waveguide at
an acute angle such that the top end of the first ultrasonic
waveguide is parallel to the longitudinal axis of the pipe;

a second ultrasonic waveguide penetrating the exterior sur-
face of the pipe and the interior surface of the pipe at a
second location such that the second ultrasonic
waveguide is in direct contact with the fluid traveling
therethrough, wherein the second ultrasonic waveguide
comprises a second waveguide length, a second
waveguide width, and a second waveguide axis, the sec-
ond ultrasonic waveguide penetrates the pipe such that
the second waveguide axis forms an acute angle with
respect to the pipe axis, the second waveguide length is
greater than the second waveguide width, the second
waveguide axis is collinear with the first waveguide axis,
the second ultrasonic waveguide comprises two end sur-
faces and two side surfaces arranged between the end
surfaces and spaced apart along a longitudinal axis of the
pipe such that the two side surfaces are substantially
parallel, and each of the side surfaces of the second
ultrasonic waveguide contacts the pipe at an acute angle
to the longitudinal axis of the pipe; and

a second ultrasonic transducer adapted to be acoustically
coupled to a top end of the second ultrasonic waveguide
at an acute angle such that the top end of the second
ultrasonic waveguide is parallel to the longitudinal axis
of the pipe.

13. The ultrasonic waveguide assembly of claim 12,
wherein the first location and the second location are about
180 degrees around the pipe apart.

14. The ultrasonic waveguide assembly of claim 12,
wherein at least one of the first and second ultrasonic
waveguides protrude into an interior of the pipe.

15. The ultrasonic waveguide assembly of claim 12,
wherein at least one of the first and second ultrasonic
waveguides terminates flush with an interior surface of the
pipe.

16. An ultrasonic waveguide assembly comprising:

a pipe having an exterior surface, an interior surface, and a
pipe axis, the interior surface defining an inside diameter
of the pipe which comprises fluid traveling therethrough
in a direction substantially parallel with the pipe axis;

afirstultrasonic waveguide penetrating the exterior surface
of the pipe and the interior surface of the pipe, and
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protruding into an interior of the pipe at a first location
such that the first ultrasonic waveguide is in direct con-
tact with the fluid traveling therethrough, wherein the
first ultrasonic waveguide comprises a first waveguide
length, a first waveguide thickness, and a first waveguide
axis, the first ultrasonic waveguide penetrates the pipe
such that the first waveguide axis forms an acute angle
with respect to the pipe axis, the first waveguide length is
greater than the first waveguide thickness, the first ultra-
sonic waveguide comprises two end surfaces and two
side surfaces arranged between the end surfaces and
spaced apart along a longitudinal axis of the pipe such
that the two side surfaces are substantially parallel, and
each ofthe side surfaces of the first ultrasonic waveguide
contacts the pipe at an acute angle to the longitudinal
axis of the pipe;

a first ultrasonic transducer adapted to be acoustically
coupled to a top end of the first ultrasonic waveguide at
an acute angle such that the top end of the first ultrasonic
waveguide is parallel to the longitudinal axis of the pipe;
a second ultrasonic waveguide penetrating the exterior sur-
face of the pipe and the interior surface of the pipe, and
protruding into an interior of the pipe at a second loca-
tion such that the second ultrasonic waveguide is in
direct contact with the fluid traveling therethrough,
wherein the second ultrasonic waveguide comprises a
second waveguide length, a second waveguide thick-
ness, and a second waveguide axis, the second ultrasonic
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waveguide penetrates the pipe such that the second
waveguide axis forms an acute angle with respect to the
pipe axis, the second waveguide length is greater than
the second waveguide thickness, the second ultrasonic
waveguide comprises two end surfaces and two side
surfaces arranged between the end surfaces and spaced
apart along a longitudinal axis of the pipe such that the
two side surfaces are substantially parallel, and each of
the side surfaces of the second ultrasonic waveguide
contacts the pipe at an acute angle to the longitudinal
axis of the pipe; and

a second ultrasonic transducer adapted to be acoustically

coupled to a top end of the second ultrasonic waveguide
at an acute angle such that the top end of the second
ultrasonic waveguide is parallel to the longitudinal axis
of the pipe.

17. The ultrasonic waveguide assembly of claim 16,
wherein the first location and the second location are less than
180 degrees around the pipe apart.

18. The ultrasonic waveguide assembly of claim 16,
wherein at least one of the first and second ultrasonic
waveguides terminates flush with an interior surface of the
pipe.

19. The ultrasonic waveguide assembly of claim 17,
wherein the first waveguide axis is collinear with the second
waveguide axis.



